Applied Acoustics

Application of Spectral Kurtosis on vibration signals for the detection of cavitation in

Manuscript Number:
Article Type:
Section/Category:
Keywords:

Corresponding Author:

First Author:
Order of Authors:

Abstract:

Suggested Reviewers:

centrifugal pumps
--Manuscript Draft--

Research Paper
Europe and Rest of the World

centrifugal pumps; condition monitoring; cavitation detection; flow visualisation;
Spectral Kurtosis; vibration measurements

Georgios Mousmoulis, PhD
National Technical University of Athens
Athens, Please select ... GREECE

Georgios Mousmoulis, PhD
Georgios Mousmoulis, PhD
Christos Yiakopoulos, PhD
George Aggidis, PhD

loannis Antoniadis, PhD
loannis Anagnostopoulos, PhD

The detection of cavitation formation in hydraulic turbomachinery has been widely
investigated due to its significant impact on their steady and dynamic operation. The
aim of this study is the application of Spectral Kurtosis tool in order to effectively detect
the impulsive shock waves generated during the implosion of vapour bubbles. The
methodology is applied and evaluated on the vibration signals obtained from two
different semi-open impellers. The effects of loading conditions, along with the different
geometrical characteristics of each impeller are examined. The test rig is manufactured
from Plexiglas parts in order to be able to visualise and verify the presence of cavities
in the rotating impeller. The results under initial cavitating conditions show that the high
frequency implosions of vapour bubbles interact with the low frequency passing of the
rotating blades and compose part of the vibration signal. The application of the band
pass filter, with central frequency and bandwidth estimated from the Fast Kurtogram, to
the original signal allows to extract this information both in time and in frequency
domain, and to correlate the periodic impulsive behaviour with the blade passing
frequency of the impeller. The present results support the establishment of a robust
detection cavitation criterion in centrifugal pumps and show that Spectral Kurtosis is a
useful tool for the prevention of related faults in centrifugal pumps.

Konstantinos Gryllias, PhD
Associate Professor, KU Leuven: Katholieke Universiteit Leuven
konstantinos.gryllias@kuleuven.be
Expert in:
*Signal Processing
*Fault detection/diagnosis/prognosis of rotating machinery and structures
*Condition monitoring
*Pattern recognition & Classification methods

Nicole Kessissoglou, PhD
Professor, UNSW: University of New South Wales
n.kessissoglou@unsw.edu.au
Expert in:
*Structural vibration and transmission
*Fluid-structure interaction
*Active noise and vibration control

David Mba, PhD
Professor, De Montfort University
david.mba@dmu.ac.uk

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Expert in:
*machine condition monitoring
*machine fault diagnosis
*machine performance prediction

Jérome Antoni, PhD
Professor, INSA Lyon: Institut National des Sciences Appliquees de Lyon
jerome.antoni@insa-lyon.fr
Expert in:
*Structural Vibration
*Vibration Analysis
*Structural Health Monitoring
*Vibration Testing
*Condition Monitoring

Xavier Escaler, PhD
Lecturer, Universitat Politécnica de Catalunya: Universitat Politecnica de Catalunya
escaler@mf.upc.edu
Expert in:
*cavitating flows
*fluid-structure interaction
*dynamic behaviour of rotating machinery

Opposed Reviewers:

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Cover Letter

To the Editors of the Journal of Applied Acoustics:

Please consider the attached manuscript entitled “Application of Spectral Kurtosis on
vibration signals for the detection of cavitation in centrifugal pumps” for possible
publication in the Journal of Applied Acoustics.

The paper applies spectral kurtosis tool in order to detect early stage cavitation
development in centrifugal pumps. The methodology is applied and evaluated on the
vibration signals obtained from two different impellers in a laboratory test rig, where
the casing of the pump was made from Plexiglas parts in order to visualise two-phase
flow formation in the rotating impeller. The results obtained from both impellers tested,
show that the application spectral kurtosis tool related cavitation with the appearance
of BPF at the envelope spectrum of the filtered signal as well as with the impulsive
behavior at the filtered time series. The paper results support the definition of a robust
detection cavitation criterion and make the spectral kurtosis a useful tool for the
prevention of related faults in centrifugal pumps.

Please let us know if this submittal meets your requirements for sending in manuscripts
for possible review, and please feel free to contact us for anything else you may require.

Thank you for possibly considering this manuscript,

Dr. Georgios Mousmoulis

National Technical University of Athens

Heroon Polytechniou 9, Zografou, Athens, 15780, Greece
E-mail: mousmoulisgeorge@mail.ntua.gr



mailto:mousmoulisgeorge@mail.ntua.gr

Manuscript File Click here to view linked References %

Application of Spectral Kurtosis on vibration si¢g;méor the detection of
cavitation in centrifugal pumps

G. Mousmouli$”, C. Yiakopoulo§ G. Aggidis, I. Antoniadig, I. Anagnostopoulds

! aboratory of Hydraulic Turbomachines, School ofdki@nical Engineering, National Technical
University of Athens, Iroon Polytechniou 9, Zogmaféthens, 15780, Greece
2 aboratory of Dynamics and Structures, School ofihical Engineering, National Technical
University of Athens, Iroon Polytechniou 9, Zogmaféthens, 15780, Greece
3Lancaster University Renewable Energy Group, Depant of Engineering, Lancaster
University, Bailrigg, Lancaster, LA1 4YW, United i@dom,
E-mail addresses:
mousmoulisgeorge@mail.ntua.gr (*Corresponding ayiio Georgios Mousmoulis)

chryiako@central.ntua.@Dr. Christos Yiakopoulos)

g.aggidis@lancaster.ac.(Rr. George Aggidis)

antogian@central.ntua.(fPr. loannis Antoniadis)

anagno@fluid.mech.ntua.@Pr. loannis Anagnostopoulos)

Abstract
The detection of cavitation formation in hydraulicboomachinery has been widely investigated
due to its significant impact on their steady apdainic operation. The aim of this study is the
application of Spectral Kurtosis tool in order fteetively detect the impulsive shock waves
generated during the implosion of vapour bubblé® mMethodology is applied and evaluated
on the vibration signals obtained from two diffeareemi-open impellers. The effects of loading
conditions, along with the different geometricaardcteristics of each impeller are examined.
The test rig is manufactured from Plexiglas parterder to be able to visualise and verify the
presence of cavities in the rotating impeller. Témults under initial cavitating conditions show
that the high frequency implosions of vapour bublitgeract with the low frequency passing
of the rotating blades and compose part of theatitim signal. The application of the band pass
filter, with central frequency and bandwidth estiethfrom the Fast Kurtogram, to the original
signal allows to extract this information bothimé and in frequency domain, and to correlate
the periodic impulsive behaviour with the bladegpag frequency of the impeller. The present
results support the establishment of a robust tletecavitation criterion in centrifugal pumps
and show that Spectral Kurtosis is a useful tootle prevention of related faults in centrifugal

pumps.
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1. Introduction

The phenomenon of vaporization of liquids at mamopgcally isothermal conditions due to
decrease of static pressure below vapour pressaiue is called cavitation. Centrifugal pumps
are machines that convert mechanical to hydrauigep with the use of a rotating impeller
with hydrodynamically-shaped bladeBhe acceleration of the flow and the low pressure
conditions prevailing at the entrance of the ramtimpeller can create such local conditions
that favour the formation of vapour cavities [LheTarea covered by the two-phase flow can
modify the hydrodynamic shape of the blades andterow recirculation and separation
regions that eventually decrease the performandénaairaulic efficiency of the pump [2]. In
addition, the vapour cavities are shifted downstrég the flow towards higher pressure areas,
where they are instantly imploded, creating higlergy micro jets and impulsive pressure
waves that stress and erode the adjacent metatfaces [3]. High levels of noise and vibration
can be created if the phenomenon is intense aedsxe in the impeller. The aforementioned
unwanted impacts on the performance of centrifpgahps has led researchers and engineers
to try to develop techniques for early cavitati@bedttion.

The first method used for the detection of twogeh#low formations in centrifugal pumps,
proposes the monitoring of the total head of thehme and identifies cavitation when the
latter drops more than 3% [4, 5]. This drop is tluéhe development of vapour formations in
the impeller that cover a substantial part of dosvfpath and start to block the flow, thus
reducing the capability of the impeller to transpewer to the working medium [6-9]. The
main advantage of this technique constitutes argédetection cavitation criterion, since the
head drop is a common symptom of cavitation presenall types of centrifugal pumps. While
the 3% drop can be identified in the laboratoryngsrelatively low cost and precision
measuring devices.

However, application of this method in real opergtconditions is not the most efficient
approach to detect vapour phased formations, becastation even at earlier stages, before
the total head drop, can cause significant weahefimpeller surfaces, as also noise and
vibration [1-4, 10]. As a consequence, additionalg have been developed for the monitoring
of hydraulic turbomachines to identify cavitationegence, based on noise and vibration
measurements [7, 9, 11-39]. Signal processing t@then applied to discern and detect the
sound and the mechanical oscillations generatadgltive implosion of vapour cavities. There
are two main challenges in the application of thesas; i) the extraction of cavitation
characteristics from the measured signal thatsually masked by the noise and the vibrations
of the pump and its motor, and ii) the utilisatmfithese characteristics towards the formation
of a general detection criterion that would be pefedent from the individual structural and
operational features of each installation.



The most common signal processing technique ifitdrature that has been applied on the
noise and vibration signals, deals with the usehef Fourier Transformation or with the
calculation of Power Spectral Density (PSD), inesrtd study the frequency spectrum (FS) of
the measured data. The collapse and implosioneofdpour bubbles result in shock pressure
waves that excite a wide range of frequencies aaklendiscernible the development of the
phenomenon in the spectrum [9, 11-20]. In ordeguantify these excitations, some authors
calculate the power content in different bandshefspectrum and plot the results as function
of cavitation development [4, 11, 14, 18-34]. letmgly, the majority of the published works
notice an increase of the noise and vibration paeatent in these signals close to the visual
inception of the phenomenon, and show that thisagmih can be used towards the prompt
detection of cavitation before total head collapse.

On the other hand, however, the application obtheve signal processing method in several
different pumps and test configurations, reveasweakness to provide a safe cavitation
detection tool with general applicability. More spieally, comparison of the noise and
vibration spectra in various cases shows the aaitaf different frequencies from cavitation
development [9, 11-20]. Such behaviour highlighke tincreased randomness of the
phenomenon itself, as well as the additional rarmtss introduced by the interaction of the
bubble implosion with the structural and operatiactearacteristics of the machine and the
configuration. Hence it is not possible to defirmanmon frequency band in all cases, at which
the integration of the noise and vibration powerldde used as a general method for prompt
detection of cavitation in hydraulic turbomachines.

A second limitation of this detection approachhattthe increase of noise and vibration
under cavitating conditions requires the knowledféhe level of noise and vibration in the
same frequency ranges when the machine operates hadlthy, non-cavitating conditions.
This information can be obtained during controlladoratory measurements or for pumps
equipped with predictive maintenance monitoringigopent, but not for the vast majority of
hydraulic turbomachines in operation.

One additional difficulty and limitation of the almmethod arises from the use of rolling
element bearings that are found to excite wideeaidrequencies when operate under faulty
conditions, in a similar manner with cavitation phmenon [40-46]. These similarities in the
FS are due to the impulsive behaviour that botlsehmechanisms exhibit. As a result,
additional characteristic have to be found in theasured signal so as to discern the faults
related to rolling element bearings from cavitation

The extraction of the above conclusions from therdture reveals the additional effort
towards the formation of a well-rounded cavitatd®tection criterion that will not change in
different machines, as well as it will allow thefdrentiation of the various impulsive fault
mechanismin addition, the random impulsive noise sourcesegated by cavitation bubbles
collapse in the pump, cause complex modulatiorceff@ hus, the vibratory response of a pump



under cavitation is not periodic, but it inhererdikhibits cyclic stationary characteristics, as it
is generated by a hidden periodic mechanism dtleetootation of shaft and impellers. This
means that the statistical moments of the pumporespvary periodically with time. When
cavitation occurs, the cyclic components beging@dvered by the cavitation impulsive noise.
To overcome these difficulties and reveal the cyfrkquencies of the amplitude modulation
mechanism, the carrier signals caused by the flomhe impeller and the strong random
impulsive interference should be removed from tleasarements.

Towards this direction, the application of wavelatlysis has been proposed with the use
of microphones [35] and accelerometers [36, 37kmlhe original signal is decomposed to a
number of levels in order to bring out cavitatiognal in time. In addition, Sun et al. [38]
applied cyclic spectral analysis on the vibratiognal and concluded that the onset and
development of cavitation is correlated with thadyuple of the Rotational Frequency (RF) of
the pump motor. Moreover, the study of the signafiselope in frequency domain has been
proposed by some authors [19, 33 & 39], in ordezxamine the possible modulation of the
frequencies excited by cavitation noise and vibratiin the present study, the frequency
spectrum of the envelope is referred for brevitgmgelope spectrum (ES). These studies focus
on cavitation formations in the runner and the tdalbe of Francis turbines, and manage to
associate cavitation with discrete low frequenayponents of the ES. With this approach it is
possible to extract the detection information nedddorm a common criterion. However, the
aforementioned studies do not provide a tool tientifies the frequency band that is used for
the signal’s demodulation, and as previously diseds their results deviate significantly
among the different testing configurations.

In order to efficiently define the characteristiesthe band pass filter used to unmask
cavitation noise and vibration, as well as to éfitly extractcavitation information from
cyclic frequencies and resonant frequency figltsspresent study proposes the use of the
Spectral Kurtosis tool (SKT) [47, 48]. The SKT mplemented here for the first time in
vibration measurements for the detection of twosghidow formations in centrifugal pumps.
More specifically, two accelerometers are locatadle casing of a radial flow centrifugal
pump and the cavitation characteristic curves arezedd in order to check the capabilities of
the proposed detection methodology. The tested puses two semi open impellers with
different blade geometrical characteristics, stodavestigate their effect on the applicability
of the methodology. The pump casing is made ofifll@x and hence the presence and the
extent of vapour formations in the pump can be aligad. The present study justifies the
selection of SKT after careful examining the transibehaviour of the statistical moments, as
well as the FS in the measured data and highlihleteffect of cavitation on the vibration time
series (TS) pattern, as well as on the ES undfardift suction conditions.

The description of the experimental set up andnggirocedure is presented at first (section
2), and the mathematical formulation of the detectnethodology follows (section 3). Then,



the cavitation test results (section 4) and the@pyate processing of the vibration signals
(section 5) are analyzed and discussed, in ordédetatify the effect of cavitation on the
vibration signal, to justify the selection and v@kiate the detection capabilities of the proposed
method.

2. Experimental set up

2.1 The pump test laboratory

The test configuration (Fig. 1) is installed in tBagineering Department of Lancaster
University. UK, and includes the radial centrifugaimp (i), the main tank (vii), the valves (vi,
(iv, v, iX). A stroboscope (xi) enables to visualitie development of vapour bubbles in the
pump. The pump is driven by an induction motor vdthorsepower rated output at constant
rotational speed)=1800 rpm, while the water temperature during &s¢ wasr=23 °C.

Figure 1 highlights the main advantage of this ttigstor the study and visual inspection of
cavitation inception and development; the voldie,ftont casing of the pump and all the piping
system are made from Plexiglas material. In thiy Wwas possible to visualise the flow
cavitating conditions in the pump impeller and slietion pipe system. In addition, the pump
does not have its own bearings but all the mechaaitd hydraulic loads are transferred to the
bearings of the motor. This facilitates the detettf cavitation phenomenon, since the noise
and vibration emitted from the bearings is mordialift to surpass the cavitation noise and
vibration in the impeller.

Flow

Dire.ctio‘ s

Fig. 1. Laboratory test rig configuration; i) puniip.accelerometer BO1, iii) accelerometer
A01, iv) discharge pressure transducer, v) flowaneti) discharge valve, vii) water tank,
viii) suction valve, ix) suction pressure transdueg 90° elbow, xi) stroboscope.



The tests include the investigation of two impeallaith different geometric design, one
with curved main and splitter blades (impeller MpFig. 2a) and a second with straight, radial
blades (impeller No. 2, Fig. 2b). Both are unshemjdsemi-open impellers, made from
aluminum, and their geometrical characteristicgyaren in Table 1, wherR s the radius (Fig.
2a,c),f the blade angle (Fig. 2&)js the blade height (Fig. 2&the blade width at the impeller
inlet and outlet periphery (Fig. 2a) atgthe tip clearance thickness (Fig. 2c). The suptri
1, 2 correspond to the inlet and the outlet ofitingeller, respectively.

: érez Photographed

, © Aol
Fig. 2. a) Impeller No. 1, b) impeller No. 2, c) magonal view of the centrifugal pump.

The elbow pipe upstream of the pump inlet (Fig.))l{rtroduces additional losses and
causes a non-axisymmetric flow field at the pumptiand in the rotating impeller, where
cavitation onset appears at first at its left siger this reason, the flow monitoring area is
located at this side, as it is depicted in the @& of Fig. 2b. The camera used is a DSLR type
with 4752 x 3168 pixels, CMOS image sensor and shater speed 0.25 msec.

Two piezoelectric accelerometers, BO1 (Fig. laiiy AO1 (Fig. 1, iii), are mounted on the
casing of the pump, the first closer to the twogghfiow area and the second on the volute.
The analog signal of both accelerometers passeaghran analog low pass filter before its
digitization in a MCC USB-1608G DAQ device. The sdimg frequency,fs, the cutoff
frequency of the low pass filtefauwor, the acquisition timetacq and the frequency range that
each sensor is able to measure are given in Table 2

Table 1. Design data of the impellers tested.

Imp.| Inlet/ | Blades| Splitter] R i b e tic
No. | Outlet| No. |Blades] [mm] | [deg] | [mm] | [mm] | [mm]
1 33 65 7.5 11
1 6 6 1
2 82.5 25 3 10.1
2 1 12 0 33 85 7.6 2.8 0.9
2 82.5 90 3.1 5.9




Table 2. Accelerometer and acquisition charadtesis

SenSOI’ J[kHZ] fcutoff [kHZ] tacq [SeC] [fmin'fmax] [HZ]
BO1 20 10 30 0.2-15000
AO01 20 5 30 0.2-10000

2.2 Testing procedur e, perfor mance equations and uncertainty estimation

The measurements aim at the derivation of the ifegél pump cavitation characteristic
curves, NPSHH, in their non-dimensional form, i.e:¥%, whereos is the Thoma cavitation
factor and? the head coefficient. These curves illustratevémation of the total head of the
pump, Hwt (¥) when the available net positive suction headhefdstablishment, NPSH)(
decreases. Four curves at four different flowré@sare derived for each impeller examined,
following the open sump with throttle valve proceslthat is provided from ISO 9906:2012
[49]. During this procedure, the level of staticegsure in the testing configuration is
progressively reduced by throttling the suctionveal The static pressure level of the
establishment is described from NPSH available esgion that is given in Eq. (1), whetle
is the pressure at the surface of the tank (Figii)Lin meters of water column, antH,the
height difference between the pump suction (e).(Ejgand the water level in the tank. The
term (.Q? represents the hydraulic losses in the suctioe, pmdHsa the water saturation
pressure expressed in mwc.

NPSH: l_Ae_ I_Lat: HE_A Hz,e_é/ e(j_ HSi (1)

In practice, the implementation of the open suriip the throttle valve procedure increases
the losses termzdQ? of Eq. (1), and this in turn reduces the flowrdter this reason, the
discharge valve has to be properly regulated $o0 eestore the flowrate to its initial value and
derive thes-¥ curves under constant flowrate conditions. Thiepdure introduces a limitation
to the minimum attainable value @fwhen the discharge valve reaches its fully opsition,
because after that any further throttling of thetisun valve reduces the flowrate and cannot be
compensated. Thus thesariation range becomes smaller at higher floveratdnere the testing
starts with the discharge valve at more open fositi

After 30 sec from the adjustment of the valvesfliwe is stabilized and the flow conditions
are considered as steady state. From that poaflarate,Q and the static pressuie,at the
suction (e) and the discharge (a) of the pump (Bigre recorded for a time period of 2 min,
while the vibration signals are measured for 30(3able 2). The measuring of the pressure
and flowrate data allows for the calculation of MP&1dH:: values, with the use of Egs. 2 and
3, respectively:
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wherep is the water densityg the gravitational acceleratiod,the pipe diameter aralthe
vertical distance between the dischargeand suction (e) static pressure measuring pdimts.
the present study, thés value is taken equal to 0.29 mcw that corresptm@8°C (the water
temperature during the testgr0.305 m, andd,=0.041 m andde=0.047 m. Finally, theQ,
NPSH andH:: values are non-dimensionalised using the flow fameht @ (Eq. (4)), the
Thoma cavitation factog (Eq. (5)) and the head coefficieft(Eq. (6)), respectively:
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wherec, is the radial component of the absolute flow vitoa is the tangential velocity of
the impeller (Fig. 2a), armd the number of impeller blades.

During the time span of 2 min the macroscopic attaréstics (position, shape and extent)
of the cavitation area through the camera remamosi unchanged. As a result, the
experimental photographs presented in this aréicterepresentative of the visually observed
characteristics that the vapour phase exhibitsndutile 2 min of each measurement, even
though the phenomenon microscopically exhibitssiem features. It should be mentioned
here that flow visualisation is used as a tool twifirms macroscopically the existence or
absence of cavities, and its results are subjeécteaimera limitations. As a consequence, micro-
cavities may exist microscopically even beforedpgcal visual inception but the resolution of
the camera could not depict them. All tests ardopmed three times in order to ensure the
repeatability of measurements of the flow quargjtiebration and cavitation depiction.

The total relative uncertainty;(e,t), of each measured®( p, T, n) flow and operating
variableg is calculated according Eq. (7) [50, 51]:

F(w,t)zi\/F(¢,5)2+ Fo.1)* —i\/ F((p,s)ﬁF(fP’f)} _

...:+\/F(¢,s)2+(%f

8

(7)




whereF(p,9) is the systematic relative uncertainB(p,r) the random relative uncertainty,
d(p,r) the absolute random uncertaing,the standard deviation abhdhe Student parameter
[50]. F(e,r) andd(e,r) are associated with the Student’s t distributiod with the uncertainty

at the 95% confidence level, and they express ttoeseof repeated measurements obtained
under unchanged machine’s operating conditionsallyinerrors of the measured flow and
operating variables are propagated in the calanatdof NPSHH:, @, 0 and?. The levels of
total relative uncertainty of the above calculajedntities, are calculated based on the general
formula (Eg. (8)) for error propagation. Accodirm this formula, the absolute error of a
guantity ¢ derived from equatiorp=f(xy,2), where x,y,z are variables with individual
uncertainties, is given by:

5(o)- \/[g—(oﬁ(x,t)r{g—(;é( y,t)T{%&( z,l)r ®

X

In Table 3, the total relative uncertainty of aleasured and calculated quantities is
provided. The uncertainties of densitygravity acceleratiowy, vertical distance, impeller
radius and suction and discharge pipe diameterigm@aoeed. In general, the uncertainty values
presented in Table 3 are low and ensure the rifialoif the conclusions drawn from the
cavitation tests on this particular test configiomat

Table 3. Total relative uncertainty of measured ealdulated variables.

Measured Variables Calculated Variables
0] Q 09 Pe T n ()] ¥ o Hot NPSH
+F(p,t)[%] | 0.6 0.3 0.3 1 0.7 0.6 0.6 0.8 0.6 0.6

3. Signal processing of the vibration data

In this section, the theoretical background of$K& and the demodulation technique used
in the dynamic measurements of the present studihéodetection of cavitation, are provided.
It is noted that the implementation of the signebgessing tools is made in MATLAB
proprietary programming language.

3.1 The Spectral Kurtosistool

The aim behind the development of the SKT is theaekon of information related with a
non-stationary process from a TS that presents S<eausharacteristics. The applicability of
such a tool on the field of machine diagnostics ifethe fact that usually noise and vibration



signals measured for the detection of a fault éont#ormation from multiple parts of the

machine and resemble stationary random signal$) ascwhite noise. At the same time,
information related to a possible fault that extsilsiighly impulsive non-Gaussian behaviour
may be hidden in the original signal, and hencestsaction would be of critical importance
to effectively detect this fault.

The use of higher-order statistics for the pattecognition of non-stationary signals was
firstly introduced by Dwyer [52-55] and dealt withderwater noise measurements. During the
statistical analysis of noise signals, Dwyer obsdrthat skewness and kurtosis values deviate
from the values of Gaussian distribution. Dwyepgisrceived that the representation of these
statistical moments in the FS and, especially,ddgiction of Spectral Kurtosis value could
provide additional information for the source ohrstationarity. The complete mathematical
formulation for the STFT estimation of Spectral tsis,Ky(f), is given by Antoni [47]:

)
"))

whereYw(kP,f}" is the xn-th order empirical spectral moment ef$TFT of a sampled process

(@ 9

mYW( kP f)

K, ()2 ©)

Y(n), w(n) is the analysis windovR, is the temporal step arkid.)« is the time averaged operator
over indexk, which denotes the number of temporal steps. Furthernmomder to efficiently
scan the FS and identify the filters charactesstibe Spectral Kurtosis is calculated for
different frequency resolutions and all the resalts plotted as function of frequency. This
calculation is accomplished with the use of Fastégram (FK) that is introduced by Antoni
[48], where the FS decomposition is made with theaf Eq. (10):

of =27 DL=0,...,7 (10)

wheredf is the frequency resolution and DL is the DecoritfmsLevel. The final outcome of
the calculations is a two-dimensional map of theeaf Spectral Kurtosis (Fig. 3), calculated
by Eq. (9), as function of frequency versus freqyarsolution. The location and the maximum
value of the Spectral Kurtosis for each DL charagethe original signal is divided at more and
more segments. The Maximum Spectral Kurtosis (M8&) be finally obtained at certain
frequency range and DL (Fig. 3).
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Fig. 3. Fast Kurtogram at the vibration signal aeatrifugal pump under cavitating
conditions.

The FK designates the frequency and frequency utsol of the MSK value, which is
information of crucial importance regarding the edtibn of non-stationarities. More
specifically, those quantities correspond to thetreé frequencyf. and the bandwidth of the
band pass filter to be used for the isolation efithpulsive behaviour hidden in the sampled
signal. In the case of Fig. 3, the MSK=4 correspotada band pass filter witb=8 kHz and
1.25 kHz bandwidth (DL=3.6).

3.2 Envelope analysis

The present study investigates the envelope cleaistats in the frequency domain towards
the detection of cavitation in hydraulic turbomangts. The signal processing approach adopted
here is a typical demodulation or enveloping procedwhich is also used for the detection of
rolling bearing faults that present impulsive clogeastics, similarly to cavitation [56-59]. The
demodulation procedure is carried out in the ftesignal, after the implementation of the
SKT, in the following successive steps:

i. The Hilbert Transfomation is applied to the filterg@gnal x(t):

Xe (t
f( )dr (11)

t—7

X (t)=7—1[z

ii. The analytic signalAs(t) is formed with the use of Eq. (12), which consadtsvo parts;
one real part that is the filtered signa(f), and one imaginary part that is its Hilbert
Transformation, calculated from step (i).

11



As(t)=x¢ (1) + iy (1) (12)

iii. The demodulated time signal is the amplitude ofaih@lytic signal, i.e. the envelope of
the filtered TS, calculated from Eq. (13):

& (t \/ X (97 + e (9 (13)

iv. Finally, the ES can be calculated from Eq. (14):

ed(f):T\/xf(t)er Xy (92 €121 g (14)

4. Cavitation o-¥ curves and flow visualisation results

The results of the-¥ cavitation characteristic curves of the two imgedlat four different
flowrates are given in Fig. 4. It is noted that btee and black color markers on these curves
indicate the visual inceptionn) of the first vapour bubble and the total headpdf®c)
conditions, respectively. The discussiorvef curves is accompanied by the presentation of
the flow visualisation results, which are givenFigs. 5 and 6, for the two impellers tested.
These figures illustrate the development of cawatatvisually obtained characteristics under
ov (left photograph)grc (right photograph) and intermediate cavitatingdibons (photograph
in the middle). The photographs provided here spwad to one specific flowrate, but they
can represent sufficiently the changes observéldeishape and the extent of the vapour area,
during the testing of all loading conditions.
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p— /A——&——ﬁ%
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Fig. 4. Cavitatiors-¥ characteristic curves for the two impellers ated#nt® values.

For all cases tested the total head val#§sémain unaffected by the reductioncofalue
(Fig. 4), even after the formation of the firstuadly observed cavities at) (blue markers in
Fig. 4 and Figs. 5a & 6a). Furthermore, for botpefiers and all flowrates examined, the first
small bubbles (blue circles drawn on Figs. 5 & B)ags appear at the suction side of the
leading edge of the blades, where the minimumcspaéissure is developed that can drop below
the water saturation pressure and inititate loeaperation [2, 4 & 60]. Although, the reduction
of the cavitation factor value at intermediate tatidon conditions results in increased number
of bubbles (Figs. 5b & 6b), the vapour area dodsnfluences the power transfer to water,
since? remains constant, as when the pump operates annderavitating conditions (Fig. 4).

Fig. 5. Flow visualization results for impeller NQy.at®=0.027.

However, reducing the suction available pressum@@{black colour markers in Fig. 4)
results deterioration of the pump total head antficus the general shape of the? curve
that can be found in the literature [2, 4, 61].eTdrop of?, presented in Fig. 4, results from
the creation of a large attached cavitation vapaoibble at the inlet of the impeller that reduces
drastically the flow passage area between the emljablades, as well as spoils the
hydrodynamic performance of the blade (Figs. 5 &)ly the head of the largest flowrate of
Impeller No. 1 (Fig. 4a) does not show this behgwoe to the inability of the testing method
to further reduce at higher flowrates, as discussed in section 2.2.
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Fig. 6. Flow visualization results for impeller N&y.at®=0.046.

Another observation from Fig. 4 is that for bottpetiers, an increase of the flowrate results
in higher values of botb-c andovi. This is because at higher flowrates in a speuiiigeller,
the static pressures at the suction side of theppenuce, hence favoring the vapour formation.
Finally, vapour formations during:c conditions at impeller No. 2 extend to a largat pathe
flowpath (Fig. 6¢) compared to impeller No. 1 (Flg) for two reasons, related to their
geometrical characteristics; i) the larger numidrlades (12, instead of 6) and ii) the higher
inlet blade angle (85° instead of 65°). More spealify, the larger number of blades reduces
the net flow passage area and accelerates theafltive impeller inlet. On the other hand, the
even higher inlet blade angle of impeller No. 2tkize relative flow incidence angle, increases
the flow impact losses and local recirculationh&t $uction side of its blades, thus making the
impeller more prone to cavitation.

5. Vibration measur ement results

The results of the vibration data, which are olsdifrom the accelerometers on the pump
casing (Fig. 1), are initially examined in the F&lan time, along with the behaviour of their
statistical moments. The FS of the measured tigneats are calculated with the use of Welch
function [62]. In addition, the present study foesi®n the application of the SKT and on the
analysis of the filtered signals that result atteg implementation of the band pass filters
calculated from the FK. Finally, the filtered si¢mare further processed, so as to study the ES
and to reveal the special characteristics introdwdeer the development of cavitation in the
centrifugal pump. It should be noted that the edioh tests include the investigation of four
different flowrates for each impeller (Fig. 4), baof which consists of an average of ten
operating points (OPs), while every point includles vibration data of two accelerometers.
Consequently, in order to reduce the number optesented data, only part of the latter that
adequately represents the vibration pattern oftipellers is selected for discussion. Similarly,
regarding the raw vibration data and their sta@stproperties, the results of one impeller are
presented, since they do not differentiate sigaiftty when the blade geometry changes.
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5.1 Detection based on time and frequency domain analysis

Figure 7 shows four raw vibration signals, obtaifitedh sensor AO1 under different suction

conditions of impeller No.1; i) single-phase (Faj,7ii) cavitation inceptiongy (Fig. 7b), iii)

intermediate cavitation (Fig. 7c), and iv) headairdwon orc (Fig. 7d). The TSs of Fig. 7 are

focused in a short, indicative timespan (0.08 sechrder to illustrate details such as the signal
amplitude or possible strikes and impulses. Moredbes time span is large enough to include
the period of the main low frequency componentatee by the pump, such as the rotating
frequency of the shaft (RF), the blade passinguieegy (BPF) and the total blade passing
frequency (TBPF). The latter is calculated only ifapeller No.1 that contains a number of
splitter blades. The values of RF, BPF and TBPFamen for each impeller in Table 4, along

with their corresponding periodicities RP, BPP aiPP.
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Fig. 7. Time series under various suction condstifm impeller No. 1, sensor A0©=0.027.

Table 4 Frequencies and periodicities excited kypimp.

Impeller| RF RP | BPF | BPP | TBPF | TBPP
No. [HZ] [s] [HZ] [s] [HZ] [s]
1 30 | 0.033| 180 | 0.0055 360 0.0027
2 30 | 0.033| 360 | 0.0027 - -

The vibration TS during non-cavitating conditiorisig, 7a) are mainly formed by a
synthesis of sinusoidal components that includg#ssing of the rotating blades, and its trend
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for impellerNo. 1 is depicted in this graph. Here, the signalgpatagrees with the expected

vibration signature, which in hydraulic turbomadamynis usually modulated by RF, BPF and

TBPF [63, 64] and should be a kind of sinusoidspeeially in the present pump that does not
have embedded bearings (zoom in area of Fig. 7a).

The passing from non-cavitating to visual inceptammditions, abvi (Fig. 7b), does not
change the signal pattern compared to Fig. 7a,péxafea slight increase in the vibration
amplitude which, however, is difficult to be correlated withvitation. Under such conditions,
only few bubbles develop in the impeller and caveery small part of the flowpath (Figs. 5a
and 6a). Consequently, the overal vibration ofritechine overrides that of pressure waves
noise.

At intermediate cavitation conditions (Fig. 7c) aatchead breakdowuarc (Fig. 7d) some
special characteristics appear in the vibrationW8en the pump operateset0.30, the data
include areas of small amplitude that make theadignhave a denser pattern (blue circles in
Fig. 7c). Furthermore, at full cavitation conditiorwhere vapour bubbles cover a large part of
the impeller flowpath (Figs. 5¢c & 6¢), the vibratisignature exhibits impulses of thin timespan
with increased amplitude (blue ellipses in Fig., ¥dich are presumably associated with the
implosion of vapour bubbles.

Although the analysis of the raw measured datagpf/provides some first indications that
reveal the presence of cavitation, they cannotttatesa prompt cavitation detection criterion.
The reason is that these indications are maskéaebyachine noise and cannot become easily
observable at the early stages of cavitation dewedmt. As a result, further analysis of the
signal properties must be carried out, in ordermmask and quantify new information related
to cavitation mechanism, and its interaction witie tflow conditions and the machine
components.

An additional conclusion extracted from the TS&igf. 7, is that, regardless of the suction
conditions, the combination of processes that camploe measured signals exhibit stationary
characteristics in terms of their mean value, sthedatter remain constant and does not change
during the sampling time. In order to examine teealopment of possible non-stationarities in
the rest statistical properties, the time-varyiagigrns of the standard deviation, skewness and
kurtosis need to be calculated.

A practical way to calculate the time-varying bebawf the moments is through the
splitting of the measured data in sampled grougsititlude the same number of raw data. In
the present study, the signals are put in groud®00 raw data. For each group, the standard
deviation, the skewness and the kurtosis are @bl and in this way it is possible to illustrate
their pattern in time that is now expressed in nendf samples. After this processing, it is
possible to examine whether their values remairsteon (the moments describe a stationary
process) or deviate in time (the moments describenastationary process). The results that
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correspond to impeller No.2, sensor B01¢aD.061 are shown in Figs. 8a,b,c for the standard
deviation, skewness and kurtosis, respectively.

As can be seen in Fig. 8a, the standard devia@fuevdoes not change as function of the
number of samples (time) during constant suctiorditmns. Differences are only observable
between the different values examined, where the standard deviatiorevatireases with the
development of cavitation in the pump. The lattepidts the effect of the impulses on the
measured data, shown in Figs. 7c,d which increhsevtbration amplitude range and,
concequently, affect the standard deviation valllee skewness value in Fig. 8b does not
deviate neither as function of time nor under défe cavitating conditions.
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No of Sample [-]

Fig. 8. a) Standard deviation, b) skewness anditp&is values of the grouped data under
various suction conditions for impeller No. 2, san801,9=0.061.

On the contrary, the graph of Fig. 8c, reflectstighly transient behavior of kurtosis, when
the impeller operates under intermediate0(39) and heavy cavitating=<0.12) conditions.
More specifically, for non-cavitating€0.67) and visual inceptiom) conditions, the kurtosis
values remain unchangeable and close to the nalistabution value (kurtosis=3). The closer
the pump operates to the total head dmp)(point the stronger peaks are generated due to
bubble implosion, making kurtosis to take valueghbr than 3. This conclusion is of crucial
importance since it reveals the hidden non-statibesa resulted from two-phase flow
development in the pump, which are not observabliné TSs of Fig. 7. The correlation of
non-stationarities with the kurtosis value of thieration data agrees with the results presented

from Dwyer [52-55] and justifies the selection airtosis-related tools, such as the SKT
presented in section 5.1, for the detection oftefion.
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The raw vibration data are also used to investiaalifferences observed in the FS, due
to cavitation development. The analysis makes tiseri-log plots (Fig. 9), where only the y-
axis of the power distribution is shown in loganitls scale. This approach is used by several
researchers [11, 12, 21, 26 & 29], in order to higt the differences observed in the low
amplitude area of the vibration spectrum. The tedat an indicative flowrate are given in Fig.
9 and include the spectra of various cavitatingdd@gims for both impellers tested.

In these graphs it is clear that cavitation excwéde areas of the FS, regardless of the
particular impeller and sensor mounting positione Excitations produced by the two-phase
flow development (Fig. 9) are strongly related witle mechanism of cavitation, and more
specifically, with the shock pressure waves credtethg the bubble implosion. It is important
to underline that the excitations due to cavitatierelopment do not refer to the increase of
discrete frequency components, which appear inhtgke frequency range even before the
cavitation development, at>ov (green line in Fig. 9). This is concluded afteretall
examination of the spectrum and the observatidheoéxistence of green peaks in the majority
of the high frequency discrete components (Fig. 9).
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Fig. 9. Welch estimator of power spectral densitgler various suction conditions for a)
impeller No. 1, sensor AO®=0.054, and b) impeller No. 2, sensor B0£0.091.
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In general, the changes in the characteristicSalie to cavitation development are similar
with those of the published literature for hydraualirbomachines. Particularly the similarities
with the results of Escaler [18-19] spectra th&méo Francis hydroturbine prototypes of 10
MW, reveal the analogies of the cavitation effeetween the different types and size of
hydaulic machines. However, despite the decenteaggat with the published results, the
intensity, the location and the range of excitadialifferentiate among the various testing
configurations, machines, operating and suctioritioms [11, 12, 18, 19, 21, 26 & 29].

The reason for such differences is that the FSatans demonstrate mainly the symptom
of the fault (cavitation development) rather th&e &actual mechanism, which in case of
cavitation is the bubble implosion close to thatiog and stationary solid surfaces, and it is
the same for every hydraulic turbomachine. On therohand, the symptom (high frequency
excitation) reveals the interaction of the fault cm@nism with the pump structural
characteristics, and consequently, it varies anwamigpus configurations. As a result, it is not
possible to create a general detection cavitatioeron that could be broadly used in hydraulic
turbomachinery applications.

Furthermore, as mentioned previously, there argsfaelated with rolling element bearing,
which at some stage of their evolution excite wigiege of high frequencies, up to 20 kHz, in
a similar manner with cavitation. As a result, B&analysis may result in incorrect conclusions
regarding the determination of the type of damé&ge the hydraulic machinery suffers from.
A practical way to distinguish the cavitation amahg bearing faults is to operate the hydraulic
turbomachine in lower (or highes) values, to study the changes on the FS. Howevigr, th
procedure is not practical when dealing with indabthydraulic turbomachines and
consequently, the use of such tools can not progiddear answer regarding cavitation
development.

Therefore, additional effort is needed for a wellnded characterization of cavitation that
will include the identification of the phenomenagrature in time, and its correlation with a
range of frequencies that will not change in défgrmachines. In this direction, the results
presented in this section, especially those thegr i kurtosis and to excitations of the
frequency vibration spectrum, are further invesadasince they justify the use of SKT for
cavitation detection and will be thoroughly disag# the next section.

5.2 Detection based on the application of Spectral Kurtosistool

The presentation of the results obtained by théiagtion of SKT is divided in two parts.
The first refers to the results of the FK and idelsi the calculations of the MSK, DL and band
pass filter central frequendy, values. The second part presents the resultsla@@pplication
of filtering and demodulation procedure, i.e. tif& dnd the ES of the filtered signals. In both
parts the results are presented as function oulbton conditions at various flowrates. The
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study focuses mainly on the initial and intermeal@vitating conditionss(1 > ¢ > orc), Where
the effective and reliable detection of two-phdse fformation is a challenge.

5.2.1 Fast Kurtogram results

The results of the MSK, DL arfdvalues as function af for a specific flowrate and sensor
of each impeller are drawn in Fig. 10. The bluenéadine symbolizes the, OP, where two-
phase flow area becomes visible in the impellercoiding to these graphs, the MSK value
does not exhibit the same trend for both impellef$er the onset of cavitation. More
specifically, the MSK value of impeller No.1, remsirelatively unchanged as thdrops (Fig.
10a), whereas for impeller No.2 there is an abingease of MSK aiv (Fig. 10b), which, at
smallerc values exhibits a scattered behaviour, but keégelg higher values then under
single-phase conditionsXovi). This behaviour could be the result of the me@mmiscussed
in[7,9, 11, 14] that deals with the noise absorptrom the vapour phase at leawalues. This
could affect in a similar manner the non-stationelmaracteristics of a vibration signal and,
consequently, may reduce the MSK values.

—e—MSK —o—DL —o—f{, (a)
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.
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6 -]
Fig. 10. MSK, DL andd{values as a function of for a) impeller No. 1, sensor A0®=0.040
and b) impeller No. 2, sensor BG150.076.
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On the other hand, the DL afic¢urves presented also in Fig. 10, appear to dee@dower
o values, no matter the flowrate, the sensor anéhtpeller under examination. Especially for
the DL value, its drop during cavitating conditioeseems to be in agreement with the
conclusions made in Fig. 9, where the wide rangéations from cavitation are shown. These
excitations are the results of vapour bubble inploand drive the FK to identify the maximum
kurtosis value in larger frequency ranges compé&eatiose under non-cavitating conditions.
Nevertheless, since other faults that exhibit irapel behaviour, such as those related with
bearings, are also expected to excite wide ranfyeecspectrum [41, 42 & 65] justifies that
such a drop of DL value occurs also during theuetlgpment [48, 66 & 67]. Consequently, the
decrease of DL value could be a strong sign thamauilsive fault develops in the machine
(bearing or cavitation related), however, in orteidentify the exact type of fault further
analysis on the signal is required.

Finally, in order to provide an interpretation bétFK quantitative results presented in Fig.
10, the corresponding FK charts for OPs of a pa#icflowrate and sensor for each impeller
are selected to be drawn in Fig. 11. The left FErthorresponds to normal, and the right to
cavitating flow conditions, for which the systensaghifting to lower DL and. values can be
seen for both cases. The area with the MSK thaelscted to be filtered after the FK
calculations, is highlighted with a red rectangld-ig. 11.
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Fig. 11. Comparison of FK between a,c) normal adjl éavitating conditions for a,b)
impeller No. 1, sensor AO®=0.040 and c,d) impeller No. 2, sensor B0O%£0.076.

5.2.2 Filtered time signals

The filters obtained from the application of the ¢l are applied in the raw time signals.
These are the same TS used by the FK tool for #heulation of the band pass filter
characteristics, which are different for every ®Ry(10). The filtering procedure is evaluated
based on the results of the TS and those of th& ESreason for presenting the filtered results
in the time domain is to examine their charactesseind investigate the possibility to
distinguish cavitation from other possible faults.

The filtered time signals for the two impellers presented in Figs. 12 and 13, during early
and intermediate cavitating conditions, > ¢ > orc. The results during non-cavitating
conditions &>ovi) are also included for the lowest flowrate for gamison with the
corresponding TS under cavitation. The timespamof the filtered series is kept equal to the
plots of Fig. 7, so as to include all the charastierfrequencies excited by the centrifugal pump.
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Fig. 12. Filtered time series for impeller No. 1sepsor A01¢=0.027,6=0.43, b) sensor
A01, ®=0.027,6=0.30, c) sensor BO®%=0.040,6=0.30, d) sensor A01=0.054,6=0.26, e)
sensor B01¢=0.067,6=0.58.

The filtered signals when the pump operates unidgfesphase conditions (Figs.12a and
13a) exhibit the minimum amplitude values compacedavitating conditions (Figs. 12b-e &
13b-e), and do not present any distinctive charsties. In practice, at such conditions the
application of the filter made from the FK tool daeot reveal a particular pattern in the filtered
signal, since foe>ov the machine is expected to operate at no faullliions.

The first important observation regarding the fé vibration time signals is that their
pattern changes under cavitating conditions, fdah bopellers (Figs. 12b-e & 13b-e). The
application of band pass filter calculated from Bi€ reveals the existence of clear strikes in
the filtered signal. Comparison of the filteredrsiof Fig. 12b with its corresponding original
time series presented in Fig. 7c, confirms the es&fal application of the filter, since the
impulses are not observable in the raw measurethtion data. This observation is of
paramount importance, since it reveals the impalgattern of cavitation mechanism that is
masked in the original raw signal by various otheises of the pump. The decrease of the
amplitude after filtering the signal is justifiethnsidering the significant amount of noise and

vibration sources removed from the band pass filter
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Fig. 13. Filtered time series for impeller No. 2sansoiB01, ®=0.046,6=0.52, b) sensor
B01,®=0.046,6=0.36, c) sensah01, ®=0.061,6=0.39, d) sensdB01,®=0.076,6=0.36, €)
sensorA01, ®=0.091,6=0.39.

The amplitude of the filtered signals of Figs. & 13b-e, does not present a clear
dependence on the flowrate. The signals are folwddo main parts: one with low amplitude
between the impulses, and one that includes thalgeg’ amplitudes that range from [0.4 — 3]
and [1.5 — 9], for the impellers No. 1 and 2, resipely. The largest values for both impellers
are obtained for the highest flowrate (Figs. 12&3%).

An additional observation regarding the TS preskiédhe filtered signals of Figs. 12 and
13, is that the area where the strikes are formedists of random and periodic impulses. The
latter follow mainly the blade passing frequency B of the impeller, and they are indicated
with the blue dashed lines. On the other hand, isgsuthat are aperiodic are marked with red
ellipses and indicate the random character of kulsbplosion along with some distortion on
the signal after the implementation of the filtgriprocess. The enveloping process that is
presented in the next section, attempts and susc¢edating out the frequency that modulates
the bubble implosion.

The correlation of the aforementioned impulses vaistvitation phenomenon is further
validated by studying the TS &ic (Fig. 14). At such operating conditions the caiotaarea
is expanded and covers large part of the flow patlveen the blades, as it is depicted in Figs.
5¢ and 6¢, and dominates the vibration signahémots of Fig. 14 the periodic with the blade
passing frequency and, simultaneously, the impalbehavior of TS can be clearly observed.
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Fig. 14. Filtered time series for a) impeller Nps&énsoB01,®=0.027,6=0.05, b) impeller

No. 2, sensor A0X»=0.046,6=0.09.

In addition, the strikes of Fig. 14 are more claad frequent than those presented in Figs.
12 and 13. Especially for the impeller No. 2 (Figb), the effect of passing of each of the 12
blades is highlighted. The impulsive shape of thi&es of these plots resembles the shape of
the filtered vibration signal, presented in [68 &]6which corresponds to rolling element
bearings fault. Therefore, in order to be ableiseriminate the bearing fault and the cavitation
impulsive behaviour, the use of the periodicitytlé impulses is proposed, since cavitation
follows the blade passing frequency. However, & shown in the impulses of Figs. 12 and
13, during the initial stages of cavitation devehemt the BPF periodicity is not always so
clear, and hence, the ES is also used to extraetfttiementioned information from the filtered

signal.
5.2.3 Envelope spectra of the filtered signals

The ES of the filtered vibration signals is caltethfrom Eq. (14), and it is presented in
Figs. 15 and 16, for three differenvalues and four flowrates. The green colour cpoads
to non-cavitating conditionss®ov), while the red and black to initiad\() and intermediate
cavitating conditions ou>0>0rc), respectively. These plots include the spectraboth
accelerometers, A01 and BO1, used in the cavitaéists.

The results of the ES demonstrate the applicalfitthe digital band pass filter, achieved
after the calculation of MSK value in the FK and ttecomposition of the filtered signal. More
specifically, no matter the impeller, the sensod the flowrate examined (Figs. 15 and 16),
the ES exhibits significant differences when cormgarnon-cavitating with cavitating
conditions. These differences are systematicalbted with the appearance of strong blade
passing frequency components (BPF for impeller NBig. 16 & TBPF for impeller No. 1,
Fig. 15), when the pump operates at intermediatgatang conditions €vi> ¢ > orc).
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The above behavior is critical, because not orffgintiates the envelope’s characteristics
after cavitation development, but also associdteset characteristics with the blade passing
frequency of the impeller, and further confirms thsults of the filtered signal analysed in the
previous section 5.2.2. Furthermore, the clear agmee of these differences in the ES makes
them utilizable for cavitation detection by an an&ted system.
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Fig. 15. Frequency domain of the envelope of theation signal of impeller No. 1.

o=

The BPF modulation resembles the envelope chaistider presented also in [19, 39]
during the testing of reaction hydroturbines. Mgpecifically, in these studies the vortex rope
cavitation in the draft tube is associated withQ@t#r - RF discrete frequency component, while
the cavitation in the runner have been associatitldl tve blade and guide vane passing
frequencies. However, in these cases the charstiteriof the filters are taken from the
examination of the measured signal spectrum, amoapp that has been proved to be
complicated in the present study (Fig. 9), but &#sm the FS of similar studies [11, 12 & 16].
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The successful implementation of Spectral Kurtosethod with the FK tool overcomes the

aforementioned difficulties and achieves to defiresfilter’s characteristics efficiently, in cases

where it would be impossible to define them othsewi
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Fig. 16. Frequency domain of the envelope of theation signal of impeller No. 2.

The comparison of the amplitudes of the same selbstween the different impellers,

depicts a rise of vibration intensity, from the st/ values of impeller No. 1 [£6- 4- 10, Fig.

15], to the maximum values of impeller No.2 {104 1¢, Fig. 16]. Therefore, this is the result

of the geometric differences of the two impelletdsre specifically, the amplitutes minimise

for impeller No. 1 (Fig. 15) due to: i) the usesplitter blades that increases the cross section

area of the flow path between the blades and, comsely, reduces the flow velocity at the

impeller inlet, and ii) the smaller blade inlet &nthat reduces the inlet flow shock losses. A

second harmonic that appears in the ES of imphiter2 (Fig. 16), could be associated with
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the stronger characteristics of cavitation in ffusnp. In addition, in the majority of the ES of
both impellers, a weaker RF component can be obd€Rigs. 15a-c & 16) that highlights the
relation of the phenomenon with the rotational @eigity.

To sum up, the appearance of the passing frequairibg impeller blades is clear after the
inception of cavitation. This behaviour is obseruedhe filtered time series of section 5.2.2
and it is further confirmed after their demodulati®herefore, the identification of the impulses
in the filtered signal, which are produced duenplbsion of the vapour bubbles, and then
modulated by the blade passing frequency, can e tasdetect cavitation from the initial and
intermediate stages of its development, but aleg thghlight the physical mechanism of the
fault, which is the implosion of the vapour bubble®re specifically, the bubbles are formed
at the suction side of the impeller’'s blade (Fiy% 6) and their implosion is followed by the
creation of shock pressure waves. The waves hitefghbouring solid surfaces, which for the
impeller are the rotating blades. The latter rotatd due to the machine’s non-uniformities,
create blade passing frequency noise that modula¢eshock pressure waves. Consequently
the raw vibration signal measured on the solid daues of the pump includes the above
information, along with additional noise from thenmp-motor system. The application of the
procedure described in this section achieves theshking of the noise sources and reveals the
interaction of cavitation with the rotation of thiades.

The combination of the systematic characterisiiahe filtered signal and the spectrum of
the envelope with the physical meaning of the fawdichanism create a unique detection
criterion. To our knowledge, there have not begrored any fault mechanisms related with
centrifugal pumps and reaction hydroturbines tRaite an impulsive, BPP periodic behaviour.
In the published literature, there are mechaniswit®itstator interaction) related with a BPP
periodic behaviour, which take sinusoidal form thay could not be impulsive. On the other
hand, in the case of faulty bearings, the pattérfaglt mechanism is strongly impulsive,
however, its periodicity does not follow BPP but thnematic bearing frequencies [66 & 68].

6. Conclusions

In this study, the Spectral Kurtosis methodologgpsglied for the detection of cavitation in
centrifugal pump impellers. Two semi-open radiapéthers are tested and their cavitation
curves for various flowrates are derived. At eagérating point, the vibration signal from two
sensors at different positions is recorded andgssed in time, in frequency domain and with
the use of SKT. The research focuses on the fatécton at the initial and intermediate stages
of cavitation development, before the collapsehefgiump’s total head.

The examination of the raw signals under heavytating conditions reveals the presence
of impulses that increase the vibration amplituglege. This is a typical symptom of fault in
rotating machinery, while in the controlled testdlos study, the impulses appeare only after
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passing into fully developed cavitation operatimgdition.s In addition, the analysis of the
statistical properties of the vibration signalshtights the effect of cavitation development on
the transient behaviour of the kurtosis of the pafan. The next step of the signal processing
includes the study of the frequency spectrum, whignaficant differences between the normal
and cavitating conditions appeare. However, theatien of the excitation range and location
in the spectrum at different suction conditions,wadl as the strong similarities with the
vibration spectrum of fault bearings, question gigantly the use of such processing method.

On the other hand, the results of the SKT revealcdpability of the method to correlate
vapour formation in the impeller with the appeasmnt BPF at the frequency spectrum of the
envelope, and also to identify the impulsive sigrnabf cavitation in the filtered time domain.
The filtered signal in time is formed by random guadiodic impulses, which are masked from
various noise sources in the original signal. Néhedess, the successful implementation of SK
method allows their extraction. The aforementiobelavior of ES and TS is accompanied by
the drop of signal Decomposition Level, observedlirexamined cases. This drop confirms,
from the filter construction perspective, the extoin of wider frequency bands after the
development of cavitation.

The appearance of the aforementioned characteristithe TS and the ES are systematic
for both impellers tested, no matter the flowrataditions, and demonstrates the modulation
of the filtered signal from the periodicity of thetating blades. The combination of the
identification of the strikes that appear in tHeefed signal, which are periodic with the BPF,
along with the appearance of BPF discrete frequentye envelope’s spectrum, constitutes a
general and robust cavitation detection criteriaat tan be used in centrifugal pumps. This
behaviour of the filtered vibration signal is unggince in the motor-coupling-pump system
only the bearings could excite impulses, howevey tire modulated by different frequencies.
Moreover, the fault mechanism (vapour bubble implmsand the motor-pump system is
analogous to that of the hydroturbine-generatad, tais enables the application of the same
criterion towards the detection of cavitation irdhgturbines.

Further tests and measurements in centrifugal piamgdydroturbines of various specific
speed, size and suction characteristics are refjunrerder to evaluate the effectiveness and
the generality of this new methodology for earlyitztion detection.
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